We used fracture-label and label-fracture cytochemistry in conjunction with the phospholipase A~-cofioidal gold (PLAz-CG) technique to study the distribution of phospholipids in ejaculated boar spermatozoa. These techniques provide visualization of the topographical distribution of phospholipids in freeze-fractured sperm membranes in a three-dimensional view. In various freeze-fractured boar sperm membranes and aodbmd cytoplasmic structures, quantitative analysis revealed that the nudear envelope membranes and the nuclear content possessed the highest labeling density of PLA2-CG. Moderate labeling was detected over acrosomal membranes, especially the inner acrosomal membrane. Replicas of both protoplasmic and exoplasmk fracture faces of the plasma membrane of boar sperm head showed a relatively low density of PLA2-CG labeling. Moreover, a differential distribution of phospholipids was seen over the protoplasmic face of the plasma membrane domains of the sperm head, which showed the highest concentration of gold particles in the postacr"aI region, followed by the equatorial segment and the anterior acrosome region. The PLA2-CG labeling densities over the post-' Supported by a grant (MT-10904) from the Medical Research Council of Canada.
Introduction
Mammalian spermatozoa are highly polarized and differentiated cells. Organization of the polarity of spermatozoa and formation of specific sperm membrane domains take place during the elongation of spermatids in the testis. Near the end of maturation of sperm, there are boundaries to free diffusion of proteins, lipids, and glycoconjugates in the plane of the sperm membrane (Olson et al., 1987; Friend and Fawcett, 1974) , and each boundary is demarcated by a well-defined structural and functional region (Bearer 19%) and Friend, 1990; Friend, 1988; Friend and Heuser, 1981) . It has been suggested that the regional specificity of sperm membranes is decided mainly by differences in the organization of plasma membrane constituents in individual membrane domains (Tesarik and Flechon, 1986) . When mammalian spermatozoa are in different physiological states, the flow of molecules in the regionalization of the membrane is differentially modulated ( Cowan et al., 1987; Kan and Pinto da Silva, 1987; Myles et al., 1987; Wolf, 1987; Wolf et al., 1986; O'Rand. 1982) . Accordingly, the regionalitation of membrane components, both proteins and lipids. evolves with the further differentiation and transformation of the spermatozoa during the processes of epididymal maturation, capacitation, and acrosome reaction.
Phospholipids, a major constituent of the structural framework of membranes, in addition to their physiochemical properties that regulate membrane functions have also been shown to participate in membrane-mediated fertilization processes. The total lipids of sperm from a limited number of species and changes in lipid composition in sperm membranes during the early steps before fertilization have been described (Joseph et al., 1991; Nikolopoulou et al., 1985; John et al., 1987; Daniel et al., 1980) . Using biochemical and morphological techniques, several studies have demonstrated the differences in the phospholipid composition and the asymmetric distribution of phospholipids in the sperm plasma membrane bilayer (Hinkovska et al., 1986; Tesarik and Flechon, 1986; Bearer and Friend, 1982) . The demonstration of lipid domains in mammalian sperm membranes has been difficult. Although sperm plasma membranes have been successfully purified and analyzed, data obtained from these studies tell only about the phospholipid composition of the sperm plasma membrane, and very little is known about the distribution of phospholipids in the sperm plasma and intracellular membranes. Information on phospholipid distribution is particularly lacking in acrosomal membranes. This is mainly due to the technical difficulty of obtaining pure preparations of the outer and inner acrosomal membranes for biochemical analyses. Using nitrogen cavitation and sucrose density-gradient centrifugation methods, Parks et al. (1987) succeeded in isolation of plasma and outer acrosomal membranes from ejaculated bovine spermatozoa for characterization of the major lipid classes present in the membranes. The aim of the present study was to shed light on the topographical distribution of phospholipids in individual membrane leaflets of boar sperm plasma and intracellular membranes. The fracture-label (Pinto da Silva et al., 1981a,b) and label-fracture (Pinto da Silva and Kan, 1984) techniques, in combination with the phospholipase A~-colloidal gold (PLA2-CG) method (Kan, 1993) were used to reveal the topographical distribution of phospholipids in freeze-fracture ejaculated boar sperm membranes. Quantitative analysis was also employed to evaluate the labeling density over various membrane domains.
Materials and Methods
Sperm Cells. Freshly collected samples of ejaculated semen from three fertile mature boars, Sus sofa, were centrifuged at 1500 rpm for 5 min at room temperature (RT) to obtain loosely packed pellets of spermatozoa. The spermatozoa-rich pellets were washed three times by successive pelleting and resuspension in 0.01 M PBS. Sperm cells were then fixed for 2 hr at 4°C in 1.25% glutaraldehyde in 0.1 M cacodylate buffer, pH 7.4.
Fracture-Label. Fixed boar spermatozoa were washed three times in PBS and left in a solution of 150 mM glycine in PBS for 1 hr at RT. The cells were then embedded in a solution of 30% bovine serum albumin (BSA; Calbiochem. La Jolla, CA) in PBS. The BSA containing the sperm cells was crosslinked with a final concentration of 1% glutaraldehyde to form a gel. The BSA gels were trimmed into 1 x 2 x 2-mm cubes and infiltrated overnight at 4% with 30% glycerol in PBS. The gels were frozen in partially solidified Freon 22 cooled by liquid nitrogen and freeze-fractured with precooled scalpel as previously described (Pinto da Silva et al., 1981a) . For thin section fracture-label, frozen gels were fractured by successive crushing in a homogenizer with a glass pestle (Pinto da Silva et al., 1981b) .
Prepantion of Colloidal Gold and Phospholipase Az-Gold Complex. Colloidal gold particles of 8-nm and 11-nm diameter were prepared by the method of Slot and Geuze (1985) . The PLAZ-gold complex was prepared as previously described (Kan, 1993) .
Cytochemical Labeling. For PLAz-CG labeling, fractured gels were incubated for 1 hr at RT in a solution of PLAz-CG (colloidal gold diameter 11 nm) diluted 1:3 in PBS containing 4% polyvinyl pyrolidone (PVP), 1% polyethylene glycol (PEG), and 0.5 mM CaClz. Labeled gels, after washing three times in PBS, were osmicated in 1% Os04 in PBS for 30 min at 4'C. They were then dehydrated on ice in a series of graded ethanols and dried by the Peldri 11-sublimated method modified for fracture-label studies (Kan, 1990) . After drying, the Peldri 11-sublimated samples were mounted on double adhesive tapes with the fracture face up on a Balzerstype specimen table. The samples were replicated with platinum and carbon in a Balzers BAF 400T freeze-fracture unit (Balzers AG; Balzers, Liechtenstein) at ambient temperature under a vacuum of 2 x io" Torr.
Replicas were obtained after sequential shadowing, first with platinum at a fixed angle of 45" followed by carbon at 90'. using electron beam gun evaporators and an oscillating quartz for monitoring thickness of replicas (approximately 2 nm for platinum and 25 nm for carbon). Replicas of the fracture faces were obtained by digestion of the replicated gels for 2 hr in a solution of sodium hypochlorite. The replicas were then washed several times in distilled water and mounted on Parlodion-coated copper grids. For thin-section fracture-label (TS-FL), labeled gels, after dehydration and osmication as described above, were embedded in Epon according to routine procedure. One-pm sections were first prepared from the Epon blocks.
Areas showing different planes of fracture in thick sections were first located and selected on a light microscope. Thin sections of the selected areas were subsequently prepared on an LKB ultramicrotome and mounted on Parlodion-coated copper grids. The sections were counterstained with uranyl acetate and lead citrate before they were examined on a Philips 300 electron microscope operated at 80 kV.
The specificity of the PLA2-CG labeling was assessed through control experiments. Fractured gels were first incubated in a solution of free PLA2 (0.5 mg/ml) followed by labeling with a PLAz-CG complex (11-nm colloidal gold diameter) at RT as described above.
Label-Fracture. Samples of 0.5 ml of packed cells previously fixed with glutaraldehyde described above were used for label-fracture studies. The spermatozoa were washed three times in PBS and left in a solution of 150 mM glycine for 1 hr at RT. They were then incubated with 0.5 ml of PLA-CG (8-nm colloidal gold diameter) for 1 hr at RT Labeled cells were washed three times in PBS and then infiltrated overnight with 30% glycerol at 4°C. The cells were sandwiched between two Balzers-type specimen support discs before they were frozen in partially solidified Freon 22 cooled at the temperature of liquid nitrogen. Frozen samples were freeze-fractured by the double-replica technique at -130°C in a Balzers 4OOT freeze-fracture unit and replicated with platinum (2 nm) and carbon (20 nm) in a similar manner to that described above. Replicas were washed by three successive floatings on distilled water (20 min per wash) and then mounted on Parlodion-coated copper grids.
To assess the specificity of the PLA-CG labeling, some glutaraldehydefixed spermatozoa were first incubated with a solution of free PLA2 (0.5 mglml PBS) for 3 hr at 37'C, followed by incubation in a PLAz-CG complex (8-nm colloidal gold diameter) for 1 hr at RT before they were further processed for freeze-fracture as described above.
Quantitative Evaluation. Mean labeling densities of the PLAz-CG complex over various freeze-fracture-exposed membrane domains of boar spermatozoa were evaluated on positive electron micrographs enlarged to x 27,000. The mean labeling density, evaluated as the number of gold particles per square wm of surface area, was determined using a Carl Zciss Mop-3 modular system equipped for quantitative digital analysis (Carl Zciss; Montreal, Quebec, Canada). Between 10 and 20 photomicrographs were used for quantitative evaluation of each of the freeze-fracture-exposed membrane domains. Similar quantitative evaluation was also performed on control samples previously digested with a solution of free PLA2 before incubation with the PLA2-CG complex. Background labeling was evaluated on 20 photomicrographs in randomly selected regions ofthe replicas away from sperm structures labeled with PLA-CG. The statistical analysis of the differences in the mean labeling densities for PLApCG among various membrane domains and among various crossfractured cytoplasmic structures was performed using Kruskal-Wallis one-way analysis of variance with p values <0.001. All pairwise multiple comparisons in the different groups were undertaken using a Student-Newman-Keds method with p values <O.OS performed by a Sigmastat program.
Results

Fracture-Label Cytochemistry
Plasma Membrane. In fracture-label replicas, the exoplasmic (E) fracture face of the plasma membrane of the sperm head is characterized by its rough texture ( Figure 1 ). In general, gold particles were uniformly distributed over the E face of the sperm head plasma membrane. The mean density of PLA2-CG labeling over the E face is relatively low (25.8 k 1.8 particles/m2; see Figure  18 ). We then used the label-fracture technique to examine the distribution of PLAz-CG labeling over the sperm head, since label-fracture is a high-resolution method for labeling cell surfaces (Kan and Pinto da Silva, 1987) . As expected, label-fracture preparation of boar spermatozoa also showed a uniform distribution of PLA2-CG labeling over the E face of the sperm head ( Figure  2 ), confirming the results obtained by fracture-label shown in Figure 1 . In fracture-label preparations, the protoplasmic (P) fracture face of the sperm head plasma membrane exhibited regionalization of this membrane leaflet into three distinct domains: the anterior acrosome (acrosomal cap) region, the equatorial segment, and the postacrosomal region ( Figure 3 ). In the sperm head as a whole, the mean density of PLAz-CG labeling over the P face (33.3 c 1.9 particles/p2; see Figure 18 ) was significantly higher than that over the E face. Moreover, within the protoplasmic membrane leaflet of the sperm head plasma membrane, a differential distribution of gold particles was noted (see Figure 19 ). Quantitative evaluation of the labeling results indicated that the postacrosomal region carried the highest labeling density (50.5 *4.6 particleslp'). This was followed by the equatorial segment, with a mean labeling density of 43.4 c 2.7 particleslm'). The PLA2-CG labeling densities over both domains were significantly higher than that ofthe anterior acrosome region (17.7 c 1.3 partic l e s / p 2 ) . However, the mean labeling density of PLA2-CG over the equatorial segment was not statistically different from that over the postacrosomal region. Patches of linear arrays of particles were occasionally seen on the protoplasmic face of the plasma membrane over the equatorial region ( Figure 4 ). However, these structures were not labeled by PLA2-CG.
The preferential association of PLA2-CG labeling with the P face of the sperm head plasma membrane was further confirmed by results obtained with the thin-section fracture-label method. Thin sections of complementary fracture faces of the sperm head plasma membrane showed that the P face is relatively more intensely labeled than the E face by gold particles (Figure 5 ). of the protoplasmic fracture face of the outer acrosomal membrane by PLAz-CG was moderate ( Figure 6 ). The overall mean density of labeling over the P face of the outer acrosomal membrane was 68.8 k 8.9 particles/p2 which, however, was significantly higher than that found in both membrane leaflets of the sperm head plasma membrane (see Figure 18 for a comparison). Figure 7 shows a favorable fracture-label profile of a boar sperm head in which the labeling intensity of the P face of the outer acrosomal membrane is higher than that of the P face of the plasma membrane. In obliquely fractured boar sperm heads, different fracture planes of several membranes of the same sperm head were obtained. An example is best illustrated in Figure 8 . A high concentration of gold particles was found over the freeze-fractured nuclear envelope membrane ( Figure 8 ). In this preparation, the labeling intensity of PLA2-CG over the P face of the inner acrosomal membrane appeared to be higher than that over the E face of the outer acrosomal membrane (Figure 8 ). Although the mean density of PLA2-CG labeling over the P face of the inner acrosomal membrane has not been determined because of the limited number of fracture faces that were available for carrying out a quantitative evaluation, the difference in labeling intensity between the two membrane leaflets of the corresponding outer and inner acrosomal membranes can be seen in thin-section fracture-label preparations (Figures 9A and  9B) . The association of a high concentration of gold particles with freeze-fractured nuclear membranes was also evident in thin-section fracture-label preparations (Figure 10) . In crossfractured profiles of boar sperm heads, the nucleus was exposed and surrounded by the acrosomal matrix ( Figure 11 ). Whereas the acrosomal matrix was essentially devoid of labeling by PLA2-CG with a mean labeling density of 7.5 ? 1.0 particles/ m2, which was close to the level of background labeling (7.5 ? 0.8 particles/p*). the nucleus was heavily labeled (Figure 11) , having a mean labeling density of 272.6 c 9.0 particles/mm2 (see Figure 21) .
The Flagellum and Associated Structures. Both fracture-label replicas and thin-section fracture-label preparations of the flagellum showed a strong PLA2-CG labeling over the P face ( Figures  12 and 13 ). The overall mean density of PLA2-CG labeling over the P face of the plasma membrane of the flagellum was 108.9 e 17.6 particles/m2 (see Figure 18 ). When the mean labeling density was evaluated separately for the three plasma membrane domains of the sperm tail, there was no statistical difference among the annulus (135.9 2 2 7 particles/m2) (see Figure 20) , the middle piece (123.8 ? 21 particles/m2), and the principal piece (76.3 c 13.1 particles/m2) (see Figure 20) . In comparison, the E face of the plasma membrane covering the principal piece of the flagellum was not labeled (Figure 12 ). Because favorable profiles representative of the E face of the flagellum were not obtained in fracture-label replicas, we decided to examine the labeling pattern of PLA2-CG in label-fracture preparations (Figure 14) . Here, the middle piece was moderately labeled by PLA2-CG complex. In contrast to the P face of the annulus, which was heavily labeled fFieure 12). the E face of the annulus was essentially devoid of gold \ "
Acrosomal Membranes. In fracture-label preparations, particles ( Figure 14) . The principal piece of the label-fracture preparation was also unlabeled (Figure 14) . a finding consistent with results obtained by the fracture-label replica method (see Figure  12 for a comparison).
In longitudinally fractured and in crossfractured profiles of the freeze-fractured membrane leaflets of the outer and inner acrosomal membranes of boar spermatozoa showed a fine granular texture distinctive from those of the plasma membrane, which displayed a rugose appearance (Aguas and Pinto da Silva, 1985) . Labeling sperm tail, three main structures were evident in the middle piece: the mitochondria, dense fibers, and microtubules (Figures 15 and 16A; see also Figure 21 for a statistical comparison). Labeling by PLA2-CG was intense over the mitochondria, with a mean labeling density of 225.1 2 7.6 particles/w2. The dense fibers were also strongly labeled (174.2, * 10.5 particles/w2). However, the microtubules were essentially devoid of labeling, with a mean labeling density (3.8 * 2.6 particles/w2) below the background level (7.5 2 0.8 particles/w2. These labeling patterns observed in fracture-label replicas were consistent with results obtained by the thin section fracture-label method (Figure 16 ). Incubation of control samples of freeze-fractured BSA gels in a solution of free PLAz for 1 hr at 37°C before labeling with PLA2-CG complex abolished the labeling previously seen associated with various sperm membranes ( Figure 17A) . A similar treatment of boar spermatozoa in a solution of free PLA2 before the cells were processed for label-fracture also significantly reduced labeling of the E face by gold particles (Figure 17B ).
Discussion
There are presently two alternative routes for preparing fracturelabeled specimens. The first is the fracture-label replica method. The other consists of the preparation of thin sections of fracturelabeled specimens. The important feature of fracture-label is its ability to expose individual membrane leaflets of the plasma and intracellular membranes as well as other cytoplasmic components and to render them directly accessible to the labeling probes (for reviews see Severs, 1989 Severs, ,1995 . The label-fracture technique is useful for studying surface domains in highly regionalized cells such as the spermatozoa presented in this study. By labeling the membrane before freezing, the label attached to the true surface of the freeze-fractured membrane half can be seen superimposed on a standard freeze-fracture replica view of the membrane's fracture face (for review see Kan and Pinto da Silva, 1989) . The fracturelabel and the label-fracture techniques are complementary investigative tools that are particularly useful in studying the topographical distribution of macromolecules over the freeze-fractured exoplasmic membrane leaflets of the sperm plasma membrane.
The major surface domains in ejaculated boar spermatozoa include the anterior acrosome, equatorial, and postacrosomal segments of the head, the middle piece, the annulus, and the principal piece of the flagellum. It is known that the organization of the lipid bilayer in the plasma membrane is mainly governed by the class of lipids and their chemical composition (Curtain et al., 1988) . In this study we used PLA2-CG to probe the topographical distribution of phospholipids in various membrane domains of ejaculated boar spermatozoa. PLA2 hydrolyzes lecithin in the lipid bilayer and this enzyme activity is influenced by the presence of Ca2+ and optimal pH. Depending on their chemical structure, the lecithin molecules are more or less loosely packed in the lipid bilayer and are susceptible to the enzymatic effect of PLAz (De Haas et al., 1971) . We have previously demonstrated that PLA2, when adsorbed in gold particles, retains its biological activity and can be used for in situ localization of phospholipids (Coulombe et al., 1988) . The PLA2-CG technique has been used to localize and demonstrate the presence of phospholipids in various membrane compartments in lung alveolar cells and in kidney glomeruli (Coulombe and Bendayan, 1989) , in epithelial tight junctional strands (Kan and Lin, 1995; Kan, 1993) , and in the nuclei of several cell types (Maraldi et al., 1992) . Therefore, labeling of fractured sperm membranes by PLA2-CG can reflect the overall organization and topographical distribution of phospholipids in sperm membrane domains with morphologically defined boundaries. In the present study, our results have shown a marked difference in the distribution pattern of phospholipids and the labeling density of PLA2-CG in various fractured membrane domains of boar spermatozoa.
In fracture-label replicas, both protoplasmic and exoplasmic fracture halves of the plasma membranes of the boar sperm head show a relatively low density of PLA2-CG labeling compared to the outer acrosomal membrane, the nuclear membrane, and the plasma membrane of the tail. However, PLA2-CG appears to preferentially accumulate over the P face of the plasma membrane covering the equatorial and postacrosomal regions of the sperm head. Quantitative analysis further shows that the densities of the PLA2-CG over the equatorial and postacrosomal regions are more than twofold that of the anterior acrosomal area, indicating that the distribution pattern of phospholipids is highly regionalized over the protoplasmic face of the plasma membrane. The membrane domains of mammalian spermatozoa have been suggested to play different biological functions during the process of fertilization, e.g.. the plasma membrane anterior to the equatorial segment of spermatozoa is involved in the acrosome reaction (Yanagimachi, 1981) , and the plasma membrane overlying the equatorial segment is believed to represent the initial site of fusion of the sperm and egg plasma membrane (Olson and Winfrey, 1991) , and the plasma membrane of the postacrosomal region coalesces with the oolemma dur- Figure 11 . The crossfractured nuclei (Nu) of two boar sperm heads are heavily labeled with gold particles, whereas the acrmomal matrix (arrowhead) is not labeled.
Original magnification x 34,000. Bar = 0.5 pm. ing fertilization Uamil et al., 1982) . This sharply defined phospholipid distribution might provide the fusogenic domains required for membrane fusion and vesiculation in membrane-related events. In contrast to the molecular demarcation of phospholipid domains in the protoplasmic half of the plasma membrane, fracture-label replicas display a uniform labeling over the exoplasmic halves of the plasma membrane. This uniform distribution of phospholipids over the E face of the plasma membrane was confirmed by results obtained by the label-fracture technique. These findings suggest that the plasma membrane of ejaculated boar spermatozoa possesses a distinct regionalization of membrane domains in terms of phospholipid distribution, and further demonstrate the asymmetry between the protoplasmic and exoplasmic membrane half. It is noteworthy that the hexagonal structures seen on the P face of the plasma membrane were devoid of PLA2-CG labeling. These hexagonal structures probably have a chemical structure distinctive for the P face in the plasma membrane.
With the fracture-label technique, images of the inner and outer acrosomal membranes can be obtained simultaneously in the same cell. Both freeze-fractured inner and outer acrosomal membranes display a relatively smooth texture. Our results show that the labeling with PLA2-CG over the acrosomal membranes was moderate and uniform. However, owing to the lack of large fractured areas of acrosomal membranes available for carrying out a quantitative evalu- ation of the labeling densities, it is not known if the outer and inner acrosomal membranes show a differential distribution of phospholipids over various domains. The distribution pattern of phospholipids in the acrosomal membranes was apparently different from that found on the P face of the plasma membrane. It therefore seems reasonable to assume that the compositional differences between the acrosomal membrane and the plasma membrane reflect different roles played by these membranes in the regulation of the sperm functions.
In the present study, quantitative analysis revealed that the nuclear matrix and the nuclear envelope membranes are the two most intensely labeled structures. These are followed by the outer dense fibers. The Occurrence of phospholipids in the nucleus has been well-documented in a number of cell types (Manzoli et al., 1988; Capitani et al., 1987; Berridge and Irvine. 1984) . Phospholipids have been suggested to be involved in the regulation of several nuclear functions, such as replication and transcription, or in affecting chromatin organization and the phosphorylation of nuclear proteins involved in gene regulation (Manzoli et al., 1988 ). 
